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Abstract 
Cathodoluminescence spectra were measured to determine the characteristics of 
luminescence bands and carrier dynamics in -Ga2O3 bulk single crystals. The CL emission 
was found to be dominated by a broad UV emission peaked at 3.40 eV, which exhibits strong 
quenching with increasing temperature; however, its spectral shape and energy position remain 
virtually unchanged. We observed a super-linear increase of CL intensity with excitation 
density; this kinetics of carrier recombination can be explained in terms of carrier trapping and 
charge transfer at Fe impurity centres. The temperature-dependent properties of this UV band 
are consistent with weakly bound electrons in self-trapped excitons with an activation energy 
of 48 ± 10 meV. In addition to the self-trapped exciton emission, a blue luminescence (BL) 
band is shown to be related to a donor-like defect, which increases significantly in 
concentration after hydrogen plasma annealing. The point defect responsible for the BL, likely 
an oxygen vacancy, is strongly coupled to the lattice exhibiting a Huang-Rhys factor of ~ 7.3.  
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I. INTRODUCTION 
Monoclinic -Ga2O3 has recently gained increasing attention as an emerging wide 
bandgap semiconductor with a high breakdown electric field (~ 8 MV/cm) and attractive 
electronic and optical properties for use as the active material in power electronic and 
optoelectronic devices.[1,2] Most -Ga2O3 crystals and epilayers available today exhibit auto n-
type conductivity, with the ionization energy of dominant donors being estimated to be ~ 40 
meV,[3] and has widely been attributed to oxygen vacancies (Vo).
[4] However, this assignment 
is inconsistent with theoretical studies, which predict Vo to be relatively deep at ~ 1 eV below 
the conduction band minimum (CBM).[5,6] An alternative explanation for the n-type 
conductivity is from the inadvertent incorporation of impurities, especially Sn or H, that act as 
shallow donors.[5] Additionally, theoretical and experimental studies have suggested that 
gallium vacancies (VGa) are native acceptors and are responsible for the compensation of n-
type conductivity.[7-9] Recently, substitutional Fe at Ga sites (FeGa) has been found to be an 
energetically favourable acceptor defect in edge-defined film-fed grown (EFG) -Ga2O3 
crystals, which dominates deep-level defect traps.[10] It is well known that Fe acts as a highly 
efficient capture centre for both electrons and holes in group-II and -III compound 
semiconductors;[11] however, thus far there is little information available about the influence of 
Fe impurities on carrier kinetics and compensation in β-Ga2O3. In addition, controlling the 
charge state of Fe centres in β-Ga2O3 may be interesting for spintronics because of the recent 
prediction of room temperature ferromagnetism.[12] 
As with all new wide bandgap semiconductors, a detailed knowledge of the optical and 
electronic structure is crucial for the design and optimization of Ga2O3-based devices. 
Information on carrier kinetics is important for Ga2O3 applications in photovoltaics and 
photodetectors as photo-response time is strongly influenced by carrier trapping. With an 
intrinsic band gap of ~ 4.9 eV, a broad UV-blue optical emission in Ga2O3 centered ~ 3.3 eV 
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widely reported in the literature with a large Stokes shift of ~ 1.6 eV.[13,14] For highest quality 
β-Ga2O3 single crystals without luminescent transitions associated with impurities, the optical 
emission features UV and blue luminescence (BL) bands with energies in the range of 3.1-3.6 
and 2.5-2.8 eV respectively, whose intensity ratio depends on excitation conditions and 
temperature.[14,15] The UV band has been shown to be independent of dopants or sample 
preparation methods and accordingly attributed to intrinsic origin. Computational and Electron 
Paramagnetic Resonance (EPR) studies clearly demonstrated that self-trapped holes are 
thermally stable in β-Ga2O3,[16,17] which serve as a precursor for the formation of self-trapped 
excitons (STEs) that are responsible for the dominant UV emission in β-Ga2O3 single 
crystals.[3,15] The BL emission has been found to be strong in conducting Ga2O3 samples and 
as a result has been assigned to the recombination of an electron bound to a VO defect,
[3,9,14] 
Several Ga2O3-based devices have been reported with an optical response in the UV range that 
exhibit a dramatic change in the electronic transport with increasing operation temperature,[2,18] 
indicating the importance of controlling and understanding temperature-dependent carrier 
recombination kinetics in Ga2O3. In this work we investigate characteristics of luminescence 
bands in Ga2O3 and provide evidence of the involvement of carrier trapping in an electron 
injection-induced optical emission.  
 
II. EXPERIMENTAL DETAILS 
Experiments were conducted on EFG β-Ga2O3 rectangular single crystals fabricated by 
Novel Crystal Technology Inc., Japan.[19] The crystal has a (-201) surface orientation and 
dimensions of 10 × 15 × 0.68 mm3. The main impurities in these crystals are Si, Ir, Al and Fe, 
with the [Fe] in the ppm (1016 - 1017 cm-3) range,[10,19] which was independently verified by 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for the sample used in this work. 
X-ray diffraction analysis confirmed a single crystal monoclinic structure (not shown). Some 
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Ga2O3 samples were incorporated with hydrogen using remote hydrogen radio-frequency 
plasma (15 W, sample temperature 470 K). The crystal was characterised by scanning 
cathodoluminescence (CL) spectroscopy using a FEI Quanta 200 scanning electron microscope 
(SEM) equipped with a parabolic mirror collector and an Ocean Optics QE65000 CCD array 
spectrometer. For temperature-dependent CL spectroscopy, the crystal was mounted cold and 
hot stages in the SEM, which enables measurements between 10 and 500 K. All luminescence 
spectra were corrected for the total system response.  
 
III. RESULTS AND DISCUSSION 
The temperature-resolved CL spectra of the -Ga2O3 crystal with identical excitation 
conditions (15 kV, 8 nA), shown in Fig 1(a), reveals a broadening of the lower energy side of 
the emission due to the enhancement of the BL component with increasing temperature. In 
contrast, the spectral shape of the normalized UV band attributed to STEs is virtually 
unchanged as evidenced from the invariance of the high energy side of the UV peak with 
increasing temperature. The temperature independence of the spectral shape of the UV band is 
commonly observed for excitons immobilised by a local deformation of crystal lattice because 
the energy of a STE emission critically depends on the distortion energy of self-trapped holes 
and is only weakly influenced by the band edge energies.[20,21] The overall CL spectrum of 
Ga2O3 is slightly red shifted from 3.45 at 10 K to 3.28 eV at 360 K due to the overlap with the 
enhanced BL emission relative to the UV peak. Over the same temperature range the BL/UV 
intensity ratio increases from 0.15 to 0.73. It is also important to note that both the UV and BL 
bands were measurable up to ~ 500 K. The -Ga2O3 BL has been reported by other workers 
and attributed to VO or (VO, VGa) vacancy pair.
[3,14] Depth-resolved CL analysis reveals identical 
peak shape and energy position with increasing acceleration voltage (see the spectra in 
Appendix A), ruling out any contribution of surface effects to the CL emission. In analogy to 
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other semiconductors exhibiting STE luminescence,[21,22] holes in -Ga2O3 can be trapped as a 
small polaron and strongly coupled to the lattice, resulting in a broad, Gaussian-like band as 
expected due to the involvement of a large number of phonons. Based on these considerations, 
the Gaussian peak fitting of the Ga2O3 spectra was made with the UV component fitted to the 
invariant high energy side of the UV peak, giving rise to its peak position of EUV = 3.40 ± 0.05 
eV and FWHMUV = 0.70 ± 0.05 eV for all temperatures up to 400 K. Conversely, the BL 
component was found to broaden and is red shifted from 3.05 eV at 10 K to 2.92 eV at 600 K. 
To probe the characteristics of the BL luminescent centre, the temperature dependent width of 
the emission band is fitted according to the expression below derived from the configuration 
coordinate model. The FWHM of the BL is ~ 0.55 eV at temperatures below 40 K and 
monotonically increase with temperature [Fig 1(d)]. The Huang-Rhys factor, S, and the 
effective phonon energy, ħω, were obtained from fitting the FWHM to the following 
equation:[23]  
𝐹𝑊𝐻𝑀 = 2.36𝑆ħ𝜔(coth (
ħ𝜔
2𝑘𝑇
))
1
2⁄      [1] 
The curve in Fig 2(d) correspond to the best fit parameters to the BL width: S = 7.3 ± 0.7 and 
ħω = 32 ± 4 meV. These corresponds to a Frank-Condon shift, Sħω, of 234 meV. This measured 
phonon energy is within the low range of energies for longitudinal optical (LO) phonons 
obtained by spectroscopic ellipsometry.[24] However, the curve fit based on the Eq. [1] provides 
the effective phonon energy, which is an average of all phonons involved in the optical 
transition. 
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Figure 1. (a) Temperature-resolved CL spectra of (-201) -Ga2O3 crystal under identical 
excitation conditions (15 kV, 8 nA), showing the broadening of the lower energy side of the 
spectrum with increasing temperature. Inset: the CL intensity decreases in intensity due to 
phonon scattering. (b, c) CL spectra fitted with two Gaussians for the UV and BL bands using 
comparable peak energy and FWHM values in previous reports.[14,25] The UV component can 
be fitted to the nearly temperature-insensitive high energy side of the CL spectrum with EUV = 
3.40 ± 0.05eV, FWHMUV = 0.73 ± 0.05 eV (Δ = 80 nm). (d) The FWHM of the BL modelled 
using the configuration coordinate description of phonon coupling to point defects, yielding 
the mean phonon energy ħω = 32 ± 4 meV and Huang Rhys factor S = 7.3 ± 0.7, consistent 
with a typical for defects with strong electron- phonon coupling. 
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In order to probe the physical nature of defects responsible for the BL in Ga2O3, the 
crystal, was doped with H+ from a remote hydrogen plasma at 470 K; a temperature where 
atomic H is highly diffusive in Ga2O3.
[26] Under the plasma treatment conditions similar to 
those used in this work, hydrogen has been shown to be incorporated into Ga2O3 to a depth of 
> 500 nm.[26] The remote plasma treatment was found to cause no noticeable changes in both 
the crystal structure (confirmed by X-ray diffraction) and surface morphology (confirmed by 
AFM), but the BL is significantly enhanced following the H incorporation (Figure 2). The 
BL/UV intensity ratio increases by an order of magnitude from 0.03 for undoped Ga2O3 to 0.25 
after 40 minutes plasma (inset of Figure 2). This enhancement (i) is consistent with an increase 
in the concentration of VO produced by H ions, which can extract surface oxygen atoms
[27] and 
(ii) supports the assignment of the BL to recombination of VO-bound electrons. 
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Figure 2. Effects of H plasma annealing on the luminescence of Ga2O3 crystal. While the UV 
emission and the leading edge are unaffected by the H doping, the BL is enhanced significantly. 
The insets show the fitted CL spectrum for the H-doped Ga2O3 crystal and intensity ratio of the 
UV and BL bands. The ratio increases from 0.03 for the undoped -Ga2O3 crystal to 0.25 after 
40 minutes anneal.  
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Temperature dependent CL was performed to determine the activation energy of the 
UV and BL bands. With increasing temperature from 10 K the intensity of the UV band 
decreases more quickly than that of the BL [Figure 3(a)], confirming they are of different 
chemical origin. The plot of ln[(Io/I(T) – 1] versus 1000/T yields activation energies: Ea = 48 
± 10 meV and 80 ± 6 meV for UV and BL bands, respectively [inset of Figure 3(a)]. The 
activation energy of the UV (48 meV) is comparable with the reported ionization energy of 
shallowly trapped electrons in -Ga2O3,[3] and accordingly this value can be assigned to the 
binding energy of bound electrons in STEs. The activation energy of 80 meV for the BL is 
comparable with the ionisation energy of 110 meV for an electrically active donor in EFG β-
Ga2O3 crystals,
[28] but is significantly smaller than the activation energy of VO defects, being 
greater than 320 meV.[29] This suggests that the BL quenching is due to the thermal activation 
of non-radiative recombination centers. This mechanism would lead to a similar quenching 
trend but cannot explain why the BL and UV bands are quenched with different activation 
energies. Over the low temperature range (< 100 K) the both the UV and BL bands exhibit a 
much smaller activation energy, Ea  9 meV. As shown in other oxide semiconductors, this 
small energy is likely associated with thermal quenching due to a phonon-assisted process at 
low temperatures.[30]  
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Figure 3. (a) Variations of UV and BL intensities with temperature for the -Ga2O3 single 
crystal. Inset: Arrhenius analysis of the intensities yields an activation energy of 48 ± 10 and 
80 ± 6 meV for the UV and BL bands, respectively. These values are associated with the 
ionization energy of the bound electrons in STEs and the VO defect level. (b) Dependence of 
UV and BL intensities as a function of CL excitation power with a primary electron beam EB 
= 15 keV. Power-law fits reveal that the CL intensities show a strongly super-linear dependence 
on beam current (IB) for low excitation, with k = 1.9 ± 0.1.  
 
Next, we discuss the excitation density dependency of luminescence intensities for the 
CL bands. The UV and BL emissions were observed to exhibit remarkably similar excitation-
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power dependencies as the beam current, IB (i.e. excitation density) was increased from 10 pA 
to 10 nA while the beam energy was kept constant (EB = 15 keV). Varying IB in this range did 
not introduce any noticeable changes in peak shape or position, suggesting the CL kinetics are 
controlled by a competitive recombination channel, which most likely involves the capture of 
excited carriers to Fe2+/Fe3+ traps. The carrier capture and charge transfer processes can be 
described in a simplified form as: 
Fe3+ + electronCB → Fe2+ and, Fe2+ + holeVB → Fe3+ 
In the above equations, following the charge transfer to Fe3+, a free hole is captured by the Fe2+ 
center, which then non-radiatively relaxes into the Fe3+ state. Although studies of deep-level 
traps in Ga2O3 is in its infancy, Fe is known to act as an efficient capture center in various 
group-II and -III compound semiconductors.[11,31] Very recently in EFG -Ga2O3 crystals 
containing a similar concentration of Fe impurity, [Fe]  1016 - 1017 cm-3, FeGa has been shown 
to be an energetically favourable acceptor defect and the dominant deep-level carrier trap.[10] 
These results provide compelling evidence for the involvement of Fe in the carrier trapping, 
consistent with the observed luminescence kinetics of the crystal as in the detailed analysis 
below. The excitation-dependent measurements of the UV and BL for the -Ga2O3 crystal are 
illustrated in a log-log plot [Fig 3(b)] using a simple power-law model ICL  IBk, where ICL is 
the CL intensity and IB is the electron beam current. Power-law fits reveal that the UV and BL 
intensities shows a strongly super-linear dependence on IB, with k = 1.9 ± 0.1 for IB < 50 pA, 
while the intensities exhibit a linear relationship at higher IB. It is worth noting that the crystal 
is stable under a prolonged e-beam irradiation and the observed CL kinetics are not caused by 
material modification by the electron beam. The super-linear dependency at very low excitation 
levels in -Ga2O3 is characteristic of dominant trapping centres being rapidly saturated by the 
e-beam, with the changeover at IB = 50 pA due to the complete excitation of Fe
3+ traps. Under 
low excitation conditions (IB < 50 pA), the carrier dynamics and CL efficiency are primarily 
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influenced by electron trapping at Fe3+ centres. The Fe3+ traps are filled with electrons with 
increasing excitation density due to the rapid trapping of electrons by Fe3+ and quickly saturate. 
As a result, additional injected carriers are then redirected to the STE and BL radiative 
recombination channels. This process leads to the observed super-linear increase of CL 
intensity in a small range of low excitation densities, hence ICL  IB1.9. Once all Fe3+ centers 
are completely saturated, ICL increases linearly with excitation power as the carrier dynamics 
is no longer mediated by the slow hole capturing process at Fe2+ centers. More details on the 
interplay between Fe3+ and Fe2+ charge states are provided in the model of CL kinetics below. 
It has previously proposed that non-equilibrium electrons become trapped by acceptors in p-
type GaN:Mg, which prevent recombination through Mg acceptor levels, leading to a gradual 
decrease in CL intensity with irradiation time.[32,33] For the n-type Ga2O3 crystal, the effect is 
opposite to the typical behaviour in p-type semiconductors because in this case hot carriers 
generated by CL excitation are captured by Fe ions, which simultaneously act as efficient non-
radiative combination centres and inhibit carriers from participation in other recombination 
channels. The carrier trapping and recombination at Fe centres compete with the UV and BL 
recombination channels in -Ga2O3; these processes are similar to the typical behaviour 
observed in many group-II and -III compound semiconductors doped with Fe.[31,34] 
 
The observed super-linear increase of CL intensity with excitation density can be 
understood in terms of carrier trapping and recombination through Fe ions, which affects the 
CL recombination rate at dynamical equilibrium as described in the equation:[35] 
1
𝜏𝐶𝐿
 = 
1
𝜏𝑒
+
1
𝜏ℎ
= 𝑐𝑒[Fe
3+] + 𝑐ℎ[Fe
2+]    [2] 
Where [Fe3+] and [Fe2+] are neutral and ionised trap concentrations, respectively, with [Fe3+] + 
[Fe2+] = [Fe]  1017 cm-3 for the crystal used in this work, and  and c are the capture time 
(decay time) and coefficient, respectively, for electrons and holes through Fe centres. As 
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theoretically predicted in Wickramaratne et al.,[34] the capture coefficient ce is about an order 
of magnitude higher than ch. Due to the lack of detailed information about Fe traps in -Ga2O3 
and the fact that properties of Fe ions in different host materials are similar,[31,34] we will discuss 
the behaviour of Fe centres in analogy to those in established group-III compound 
semiconductors. This is justified as the Fe2+/Fe3+ charge transfer level in -Ga2O3 is located at 
~ 0.6 eV below the CBM, similar to that for Fe in GaN.[10] Prior to the CL excitation, majority 
of Fe ions in -Ga2O3 are in the Fe3+ state. Fe2+ ions have not been detected by Electron 
Paramagnetic Resonance (EPR) in -Ga2O3 crystals,[36] and are formed solely due to the 
ionization of Fe3+ caused by CL excitation. It is likely that non-equilibrium carriers in CL 
excitation leads to the formation of an excited state of Fe3+, similar to the electron-hole bound 
complex (Fe3+, e, h) in GaN.[11] Such a shallow electron bound state is formed when the 
ionization of Fe3+ does not proceed to completion as the hole in the valence band is 
electrostatically attracted to the Fe centre. A similar shallow bound Fe3+ state in Ga2O3 would 
reduce the energy required for electrons to be emitted from Fe3+ traps. Under low excitation 
conditions (IB < 50 pA), the carrier dynamics and CL efficiency are primarily influenced by 
electron trapping to Fe3+ centres, i.e. the first term in Eq. [2]. As the Fe3+ traps are filled quickly 
with electrons with increasing excitation density due to the rapid trapping of hot electrons by 
Fe3+, injected carriers are redirected to the STE and BL channels. This leads to the observed 
super-linear increase of CL intensity in a small range of low excitation densities (IB = 1 – 
50 pA).  
The threshold excitation density, at which all Fe3+ ions are at the excited state, can be 
estimated from the measured CL excitation conditions. The local generation rate of carriers in 
the interaction volume during CL measurements is approximated by:  
∆𝑛 = 𝐺
𝐼𝐵
𝑒
      [3] 
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In the above equation, G is the e-h generation factor, 𝐺 =
𝐸𝐵
𝐸𝑓
(1 − 𝜂), where Ef is the mean 
energy required to create an e-h pair, η is the electron backscattering coefficient, and e is the 
electronic charge.[37] In general, Ef ≈ 3Eg for semiconductors, where Eg is the band gap energy. 
The Δn value calculated using Eq. [3] and η = 0.26 is ~ 2.4 × 1011 e-h pairs/s at IB = 50 pA. 
Using the electron interaction volume in Ga2O3 by a Monte Carlo simulation of electron 
trajectory,[38] we can estimate Δn  2 × 1024 cm-3.s-1. With this excitation density most of Fe3+ 
ions are transformed from the ground to excited state. The above calculation is a perfectly valid 
approximation when considering e on the time scale of tens of ps,[39] thus ∆𝑛 ≈
[𝐹𝑒]
𝜏𝑒
 under the 
threshold excitation conditions. For higher excitation (Δn > 2 × 1024 cm-3.s-1), most Fe3+ traps 
are filled with electrons, thus [Fe2+] >> [Fe3+] and the second term dominates Eq. [2]. Capturing 
a hole from the valence band into Fe2+ ions is a slow process, with h on the order of s to 
ms,[40] thus the hole capture rate is insignificant compared with the STE recombination rate in 
-Ga2O3 (STE decay time ~ 2.1 µs).[41] Consequently, Fe2+ does not have sufficient time to 
relax to its ground state, making the STE and BL the dominant recombination channels in the 
CL kinetics. Under this regime, we see the CL intensity increases in proportion to excitation 
density as shown in Figure 3(b). 
 
IV. CONCLUSIONS 
The comprehensive cathodoluminescence analysis strongly suggests that the kinetics 
of charge carrier recombination and luminescence efficiency in edge-defined film-fed grown 
-Ga2O3 crystals are controlled by efficient carrier trapping and competitive recombination at 
Fe centres, which can have an adverse effect on the performance of Ga2O3-based optoelectronic 
and electronic devices. The temperature-dependent properties of the UV band indicates 
electrons are loosely bound in self-trapped excitons with an activation energy of 48 ± 10 meV. 
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The behaviour of the blue emission upon the application of reducing plasma points to a donor-
like defect, likely oxygen vacancies, which are strongly coupled to the crystal lattice with a 
Huang-Rhys factor of 7.3.   
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APPENDIX A: Depth-resolved CL analysis of -Ga2O3 crystals 
CL spectroscopy was employed to obtain depth information of luminescence signals. 
In this method, CL data were acquired systematically from different depths within the -Ga2O3 
crystal by increasing the acceleration voltage, while the beam current was adjusted so that the 
beam power, and hence e-h pair generation rate beam power, was kept constant. Figure 4 shows 
representative CL spectra collected using acceleration voltages between 2 and 20 kV, 
corresponding to an average sampling depth of 30 – 1400 nm as determined by the electron 
scattering Monte Carlo simulation.[38] The CL intensity increases rapidly with acceleration 
voltage while the spectral shape remains unchanged (inset), ruling out any emission related to 
surface effects. This result indicates both the UV and BL radiative centres are uniformly 
distributed throughout the crystal thickness. The reduction in the CL intensity at small sampling 
depths (< 300 nm) is caused by the presence of competing non-radiative defects in the near 
surface region.  
2.0 2.5 3.0 3.5 4.0 4.5
2.0 2.5 3.0 3.5 4.0 4.5
0.0
0.5
1.0
N
o
rm
a
lis
e
d
 C
L
 i
n
te
n
s
it
y
Photon energy (eV)
80 K
I
B
.V
B
 = 110 W
20 kV
C
L
 i
n
te
n
s
it
y
 (
a
.u
.)
Photon energy (eV)
2 kV
 
Fig 4. Depth-resolved CL spectra of the Ga2O3 crystal acquired with a constant excitation 
power IB.VB = 110 W at 80 K. The CL acceleration voltage was varied between 2 and 20 kV. 
Inset: No changes in the spectral shape or peak energy were detectable, indicating no 
contribution from radiative defects at the surface.  
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